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Solar-energy 

Nongrey greenhouse calculations a r e  performed with CO 

H 0, and N a s  sources  of the infrared opacity. 

deposition within the various atmospheric l aye r s  and a t  the ground 

is explicitly calculated. The pressure-induced transit ions of N a r e  2 
found to be a n  unimportant source of opacity for  the models con- 

sidered. 

and the surface exhibits an adiabatic profile, and about 0. 5% of water 

vapor is required to achieve the desired greenhouse effect. 

these resul ts  a r e  compatible with the Mar iner  5 and Venera 4 
resul ts .  

2 2 

The atmospheric region between the bottom of the clouds 

Both 

This  is the fourth in a s e r i e s  of papers  concerned with the greenhouse 

e f fec t  on Venus. In the f i r s t  (Pollack, 1968 - Paper  I), equations were 

developed to t r ea t  the relevant radiative t ransfer  processes;  in the second 

(Sagan, 1968 - Paper  11), a comparison was made between grey and nongrey 

tempera ture  gradients and greenhouse effects;  and in the third (Sagan and 

Pollack, 1968 - Paper  111), various observations, including the recent  space- 

c ra f t  experiments,  were analyzed to obtain information about the s t ruc ture  

and composition of the Venus atmosphere. 

greenhouse calculations f o r  model a tmospheres  possessing infrared opacity 

due to  carbon dioxide, water vapor, and nitrogen. We wish to  determine the 

Here we perform nongrey 
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st ructure  of the lower atmosphere of Venus a s  well a s  t o  obtain the water- 

vapor mixing ratios needed t o  achieve the desired greenhouse effect. 

Evidence that the surface temperature of Venus is substantially higher 

than the temperature  a t  which i t  radiates to space was first supplied by the 

high fluxes seen  a t  radio wavelengths. 

brightness temperature  (Bar re t t  and Staelin, 1964), the Mar iner  2 radio 

limb-darkening observations (Barath e t  al. , 1964), interferometr ic  observa- 

tions (Clark ar,d K m ' m i n ,  !?65), microwave phase-effect measurements  

(Pollack and Sagan, 1965a), and finally, radar  re turns  (Walker and Sagan, 

1966) a r e  consistent with the radio emission a r i s ing  pr imar i ly  f rom a hot 

surface and lower atmosphere.  On the other hand, alternative explanations 

a r e  inconsistent with one or  more  of these observations (Pollack and Sagan, 

1967a; Walker and Sagan, 1966). 
the apparent difference between optical and radar  diameter  es t imates  offers 

a n  independent argument in favor of a hot Venus surface.  The recent Soviet 

spacecraf t ' s  d i rec t  measurement  of high atmospheric  temperatures  on Venus 

(Pravda,  1967a, 1967b), its high-pressure results,  and those of the American 

Mar ine r  5 spacecraft  (Kliore et  al. , 1967) confirm these previous conclusions. 

The spectral  distribution of the radio 

In addition, Sagan (1967) pointed out that 

We will now summarize the pertinent observational data needed for  our 

calculations and then outline our treatment of the greenhouse problem. 

cor rec t ion  has  been made for the nonunit emissivity of the surface,  an  aver -  

age surface temperature  of about 700°K (Pollack and Sagan, 1965a) is im- 

plied by the passive radio observations. On the other hand, the Soviet probe 

found a surface temperature  of 543'K on the night side near  the equator. 

should be pointed out that the lower surface temperature  implied by the Soviet 

observations cannot be attributed to a cooling of the surface a t  night since a t  

m o s t  only a nar row atmospheric boundary layer  would be affected by these 

var ia t ions a s  a resul t  of the large heat capacity of the atmosphere.  

extrapolation of the atmospheric temperatures  to the surface gives the same 

value f o r  the sur face  temperature  as the "observed" value (Paper  111). 

Airierican Mariner  5 

positions a s  deep a s  d id  the Soviet probe; i ts  highest temperatures  were 

After 

It 

An 

The 

space prube w a s  unable to iiieasure the teIIiperature at 
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between 400 and,45O0K and were  consistent with the Soviet value at  a s imi la r  

p re s su re  (Paper  111). 
lying somewhere between 543°K and 700°K. 

We will consider the average surface temperature  a s  

Estimates of the CO mixing ratio, based on various theories  of line 2 
formation, yielded values ranging f rom l e s s  than 1% (Chamberlain, 1965) to  

a lmost  100% (Belton and Hunten, 1967). 

mixing rat io  of 90  f 10% by direct  measurement  of severa l  gas  samples,  

while the s t ra tospheric  scale  height measured  by the Mariner  5 implies, in 

a l e s s  d i rec t  fashion, mixing ratios of between about 75 and 90"1. 
a l so  obtained a n  upper l imit  of 7% on the N 

the only other gas likely to be present in large amounts in the Venus atmos-  

phere,  the most  probable value of the CO 

1 0 0 ~ 0 .  A m o r e  conservative estimate for  the C O  

'75% o r  greater .  

ratio implied by the spacecraft experiments, see  Paper  111. 

The Soviet spacecraft  indicated a 

The Soviets 

mixing ratio. Since N is perhaps 
2 2 

mixing rat io  is between 90 and 
2 

mixing rat io  places it a s  
2 

F o r  a fuller discussion of the l imits  on the CO mixing 2 

A m o s t  important measurement of the Venus 4 spacecraft  was a positive 

Its mixing ratio has been estimated detection of water  vapor (Nature, 1967). 
as l.ying between 0. 1 %  and 0. 7%. 

between 0. 4 and 0. 870 oxygen. 

C o m e s  e t  al. (1967) have detected HC1 and HF and found their  mixing rat ios  

to  be about 6 X 

The Soviets a l so  claim to have detected 

Finally, f rom spectroscopic observations, 

and 5 X 

If we accept the Soviet water-vapor measurement  as valid, then there  

c lear ly  will be a n  extensive ice-cloud region in the Venus atmosphere (Pape r  

111). It should be noted that the mixing ra t ios  detected were below the sa tura-  

tion value a t  the level sampled, s o  the estimated water-vapor mixing ratios 

apply to the lower atmosphere. The great  weakness of the water-vapor l ines 

formed above and in the cloud layer  has been used as a n  argument against the 

presence  of ice clouds (Belton and Hunten, 1967). However, the Mariner  5 

data  imply that line formation occurs principally a t  the s t ra tospheric  tem- 

pe ra tu re  and so  ve ry  weak lines a r e  expected (Pape r  HI). 
of Venus, between 3. 0 and 3. 3, can be attributed to the ice fundamental a t  

The low reflectivity 
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3. 1 p and provides some evidence in favor of water  clouds. 

infrared reflectivity observations, Sagan and Pollack (1 967) estimated an 

average particle radius of 7. 5 to  1 0  p and a n  optical depth for the hypothesized 

ice clouds of 18 to 43. 

by a factor of 2 o r  3 (Pollack and Sagan, 

there  is a layer  of water  clouds. 

needed for  the greenhouse effect will demand them. 

portion of the clouds will be ice, while the bottom layers  may  include water 

droplets.  

Using near-  

More recent s ize  es t imates  lower the average radius 

We will assume below that 1968). 

Indeed, the water-vapor mixing rat ios  

We note that the top 

Infrared limb-darkening observations imply a cloud- top temperature  of 

about 210°K (Pollack and Sagan, 1965b). 

best  estimate of cloud-top pressure.  The cloud-top p res su re  as used in the 

calculation below re fe r s  to that place in the atmosphere where a steep tem- 

pera ture  gradient begins abruptly f rom a z e r o  gradient above. A s  there is 

a small but finite region where the gradient increases  f rom z e r o  to a steep 

value, we cannot obtain the cloud-top p r e s s u r e  exactly f r o m  the Mariner  5 

data, but we est imate  it to be about 230 m b  (Pape r  111). 

e r r o r  l imit  is rt70 mb. 

previous cloud-top p res su re  determinations (Pape r  III). 

whether the cloud layer  is a homogeneous region with a constant mixing rat io  

of cloud particles,  in which case  a wet adiabatic lapse ra te  through the clouds 

would be appropriate,  o r  whether the cloud layer  is a s e r i e s  of individual 

clouds, in which case  a d ry  adiabatic value may  be the pertinent lapse rate. 

We will consider both lapse rates .  

The Mariner  5 data provide the 

A very generous 

The Mariner 5 data appear  to be compatible with 

It is not c lear  

In  addition to the pa rame te r s  estimated by the Soviet spacecraft, which 

a r e  mentioned above, it a l so  found a n  approximately adiabatic lapse rate 

between the 3!0°K and 543°K levels and through extrapolation a pressure  of 

20 f 2 atm a t  the higher temperature point. At the 700°K level, the c o r r e s -  

ponding p res su re  is 75 atm (Paper  111). 
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Mariner  5 found the atmosphere to  be isothermal above about the 100-mb 

level, with the temperature  gradient changing sharply over to  approximately 

a n  adiabatic value at  a l l  lower levels. 

subadiabatic lapse rate  for  the f i r s t  20  k m  of the region of large temperature  

gradient (Pape r  111), but this result  is somewhat uncertain. We note that this 

type of behavior would be expected for  the first 10  k m  if a water cloud is 

present  extending to  about the 270°K level and possessing a wet adiabatic lapse 

rate  (Pape r  111). 

There  is some indication of a slight 

The decline in the microwave brightness temperature  below a wavelength 

of 3 c m  has been attributed to microwave opacity in the atmosphere of Venus. 

If a l l  the microwave opacity is  attributed to  CO N , and H 0 vapor, a best  

f i t  of the microwave spec t ra l  data implies a relationship between the mixing 

ra t ios  of these gases ,  a 

(Ho e t  a1 1966): 

2' 2 2 

and the surface p re s su re  P C02'  aN2' aH20'  S 

.' 

1 3 3 0 a ~ 2 ~ )  

2 2 t 3. 90aC02aN2 t 0. 085% X E P (15. 7 a  
c02 2 S 

(1 1 = 6 . 3 3 X  10 3 . 

Alternatively, if we attr ibute the smal l  value of the radar  c r o s s  section a t  

3.6 cm (Karp e t  a l . ,  1964) solely to atmospheric absorption and again assume 

that -C02, N2, and H 0 vapor a r e  the only microwave absorbers ,  then a value 

f o r  X of about 6. 33 X 1 0  would be implied. 

a n  upper l imit  on X for  plausible models of the Venus atmosphere.  

2 4  Such a value may  be viewed a s  

F o r  all 

successful  greenhouse models we will es t imate  the value of X a s  well as the 

f rac t ion  of the opacity due to  H20 vapor. 

F r o m  measurements  of the reflectivity of Venus at  various wavelengths 

and phase angles, Sinton (1963) estimates the bolometric albedo is 0. 73, which 

cor responds  to a n  equilibrium temperature  of 235" K. 

of between 0.69 and 0. 75 and effective temperatures  between 232 and 244°K 

have been inferred by Walker (1966) f r o m  measurements  a t  one phase in a 

Bolometric albedos 
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number of different wavelength regions. 

es t imates  of the infrared temperatures  of Venus a t  3. 75 p of 234°K (Sinton, 

1963), between 8 and 13 p of 225°K (Sinton and Strong, 1960), and a t  20 p of 

240°K (Low, 1965). 

expected to be fa i r ly  t ransparent  at  these wavelengths, the above tempera ture  

a l so  provides an  estimate of the temperature  a t  which the clouds radiate to 

space. 

These values a r e  very similar to 

Since the Venus atmosphere above the clouds can be 

0 

The decline in the albedo of Venus below 4000 A cannot be attributed to 

absorption by ice par t ic les ;  their  absorption coefficient is much too low. 

Rather,  we mus t  attr ibute the absorption to some as yet unidentified compo- 

nent of the atmosphere.  

place in the vicinity of the cloud layer.  

We will show below that mos t  of the absorption takes 

In the next section, we will estimate the bolometric albedo, a s  well as 

the amount of solar  energy deposited in the cloud layer ,  in various layers  of 

the atmosphere,  and a t  the ground. Next, we will calculate the amount of 

energy radiated by the planet t o  space and compare this value with that implied 

by the bolometric albedo in  order  to  ensure that a heat balance occurs  between 

the so l a r  energy absorbed and that radiated to space. The main efforts of this 

paper  will be directed toward calculating a s e r i e s  of greenhouse models for  

various gas  amounts and pressures .  

dioxide and water-vapor mixing ratios needed for  the greenhouse effect, the 

lapse  ra te  in the lower atmosphere, and the microwave opacity implied by 

each  model. All these calculations will be based upon the nongrey equations 

developed in  Pape r  I. Finally, we will summar ize  the findings of our calcu- 

lations and discuss  the resul ts  of other investigators who have deal t  with the 

greenhouse problem f o r  Venus. 

In particular,  we wish to find the carbon 

I. SOLAR ENERGY DEPOSITION 

We wish to calculate the fraction of the incident solar  energy that is 

absorbed by Venus, a s  well a s  the distribution of the deposited sunlight 

throughout the atmosphere.  Account must  be taken of absorption and 
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scattering by atmospheric gases ,  cloud particles,  and the ground. 

I, approximate formulas  to t r ea t  such a situation have been presented. We 

now specify the various parameters  needed to c a r r y  out the calculations for  

Venus, a s  well as to  s ta te  the assumptions involved. 

In Paper  

We f i r s t  consider those wavelengths at  which gaseous absorp t ionmay be 

neglected. F o r  this case, Eqs. (52), (53), and (54) of Pape r  I determine the 

fraction of the monochromatic solar energy that is absorbed a t  the ground, 

fa(g), absorbed by the clouds, fa(c) ,  and reflected to space,  

equations were derived under the assumption that no Rayleigh scattering 

occurs  above the cloud layer ,  a good assumption fo r  the cloud p res su res  and 

wavelengths of interest ,  and that the ground albedo is zero.  

These r* 

According to  

Eqs. (52) ,  ( 5 3 ) ,  and (54), f a (g ) ,  fa(c),  and f a r e  functions of the t ransmis-  
d r 

sivity “J , reflectivity Ac, and absorptivity B of the clouds as well a s  the 

t ransmissivi ty  t, of the Rayleigh-scattering layer .  

and B, a r e  given in Sagan and Pollack (1 967);  they depend upon the optical 

depth of the cloud t 

a symmet ry  of the phase function, and the single scat ter ing albedo 

which is a function of the particle s i ze  and absorption coefficient of the cloud 

mater ia l .  An approximate equation fo r  is given in the same paper when 

the s ize  is large compared to the wavelength. In evaluating?, Ac, and B, 

we assumed the cloud par t ic les  were ice crystals  with a mean  particle radius 

of 7. 5 p and that the optical depth of the clouds in the visual l ie between 18 

and.43, f o r  reasons given in the introduction. 

Equations f o r  7, 
a parameter  2p, which indicates the forward-scattering 

N 
A’ 

w o ( A ) ,  

0 

The optical depth a t  any other 

‘ext’ wavelength can be found by scaling of the extinction c r o s s  section 

while 2p equals 1 - {cos e), where {cos 0) is the average cosine of the scat-  

t e r ing  angle, 

scat ter ing calculations by Irvine and Pollack (1 968) for  small ice spheres .  

These  same authors a l so  provide values for  the absorption coefficients of ice. 

When the particle is large compared with a wavelength Q 

a l e s s e r  extent, 

par t ic le  size,  as was the case f o r  the Irvine and Pollack est imates .  The 

nJ 
The parameters  Qext, w and (cos 0) were obtained f rom Mie 0’ 

{cos 0) and, to ext’ 
show an oscillatory behavior when evaluated fo r  a single- 

0’ 

csci!?atzry I-,ek.,a-;i=r is grezt1-r dnmnnd x r r h e n  2 p a r t i c l e -  size d i s t r i b i ~ t i ~ f i  J --*&A r-- ‘.----- 
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allowed f o r  and s o  we used average values of Q 

in Sagan and Pollack f o r o  

Equations (55) and (56) of Pape r  I specify the t ransmissivi ty  of the Rayleigh- 

scattering layer  t, 

phere. 

75 atm,  and 300 atm. The corresponding p r e s s u r e s  for  a pure CO atmos-  

phere that will yield the same resul ts  a r e  10, 50, and 200 atm, respectively. 

and (cos 0) and the formula 

when the s ize  was large compared to a wavelength. 
ext .J 

0 

in t e r m s  of the surface p re s su re  for  a pure N a tmos-  
2 

Calculations will be performed for  surface p re s su res  of 15 atm, 

2 

We next consider the calculation of the amount of so ia r  energy absorbed 

2 2 by the atmospheric gases. 

a significant f ract ion of the incident so l a r  beam. 

Pape r  I provide est imates  of the equivalent width Av fo r  absorption by a band 

o r  severa l  nearby bands. 

the absorption that takes place between the top of the atmosphere and the end 

of a given path length, characterized by a gas of amount W and p res su re  P. 

The value W is proportional to the integral  of the absorbing gas density over 

the path length of interest .  

which equals half the end-point pressure  when the path i s  a d i rec t  one, since 

W a P by hydrostatic equilibrium. 

Av on W, all calculations must  have as the s tar t ing point the top of the a tmos-  

phere.  Similarly,  a f te r  the solar beam is reflected by or transmitted through 
the clouds, it  mus t  be diminished by a fac tor  of Ac o r  y. By taking the dif- 

fe rence  between the value of A?f f o r  two end points, we can obtain the value of 

A V  appropriate  for  absorption between those two levels.  F o r  d i rec t  paths, 

we a s sume  that on the average W equals twice i ts  value for a ver t ical  path. 

Finally, when there is much scattering, such a s  in the cloud layer,  we 

increase  the path by 2p7. 
(Fortunately,  little correction is needed for  Rayleigh scattering because of 

the long wavelengths a t  which gaseous absorption takes place, and no co r rec -  

tion was made  in the calculations performed.  ) 

Both CO and H 0 vapor can be expected to absorb  

Equations (57) and (58) of 
fu 

/bJ 

The quantity Av gives the equivalent width for  all 

W e  will use  a W weighted average value f o r  P, 

Because of the nonlinear dependence of 
.v 

.r/ 

See Paper  I f o r  a detailed discussion of this point. 
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A s  a n  example of our approach, suppose we wish to calculate the amount 

of solar  energy absorbed in a particular band between levels A and B af te r  

reflection by the clouds. 

the tops of the clouds and then up to the level of interest .  

energy absorbed by the band between A and B af te r  reflection f rom the clouds 

equals F;A (AvA - AvB)/4, 

expressed in units of c m  

sents  the resul t  of averaging the solar  flux over the day and night side. 

obtain the total so la r  energy absorbed by the band between levels A and B we 

m u s t  add on F;(Av& - A?b)/4, where At" is evaluated for  paths directly 

down to levels A and B and represents  the so la r  energy absorbed before 

reaching the cloud layers ,  

N 
We calculate AvA and A? for paths f i r s t  down to B 

The amount of solar  

.d 4 
where Fu is  the so la r  flux a t  normal  incidence 

C V - 1  , Ac is the cloud albedo, and the factor  of 4 r ep re -  

To 

d 

T o  c a r r y  out the calculation of gaseous absorption, we mus t  first find the 

values of the empirical  constants appearing in Eqs. (57) and (58), a s  well as 

the boundary point A? 

Howard et al. (1956) and Burch e t  al. (1965,1966) a r e  our basic  sources  of infor 

mation for  these parameters .  Unfortunately, f o r  the Howard e t  al. parameter  

specification, Av does not exactly equal Av 
s,w s,s 

T o  remedy this situation, we demanded that k be such that k /d  equal K/D, a 

condition nearly me t  by the original data,  and redetermined c so  that Av 

would exactly equal Av 

which indicates the appropriate formula to be used. I '  

.J d 4 
a t  the boundary point AvI . 

/v 

s,s 21 at AT. 
saw 

F o r  a number of bands - 1 . 4 4  and 1. 59 p C02,  0. 926, 1 .  14, and 3.26 

H 2 0  - values of the empir ical  parameters  a r e  given for  the strong-line, 

weak-band region (sw), but none of the strong-line, strong-band region (ss ) .  

We at tempt  to estimate C, D, and K in the following manner. A s  above, one 

relationship is supplied by setting K/D equal to k/d.  

involving C ,D,  and K follows s imilar ly  by (Av) 

a t  (Av), . 
Ohring e t  al. (1964) have suggested that a third relationship could be obtained 

by trying to  find a l inear  relationship between C and D f rom the bands for  

which these parameters  have been determined. 

sh ip  is suggested by the C 0 2  data, this i s  certainly not the case  for the H 0 

A second equation 
# w 

being se t  equal to (Av) 
I /  s,w s,s 

(Values of AYI a r e  given by Howard et  al. fo r  these bands. ) 

While a weak l inear  relation- 

2 
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I :  

data, a s  detailed calculations show and as  is evident f rom Table 1 (C and D 

a r e  given by Howard e t  al. f o r  the 6. 25, 2. 58, 1. 87, and 1. 38 p H 2 0  bands). 

A third relationship is suggested f r o m  Eq. (58) i f  we note that f o r  very  la rge  

values of WPK'D, (A?) 
l imits  of the various bands. 

D and the band l imits :  D = a ( v l  - v2), where Y 

and a is a constant. 

known value of D. F o r  the H 2 0  bands, 3 was found to be 0.24, 0.23, 0. 21,  

and 0.31 f o r  a n  average value of 0. 25, while fo r  the CO band, %was  0. 22, 

0. 10, 0.24, and 0. 31 for  an average value of 0.22. While there  is a moderate  

dispers ion in the individual values of 2, it  is not too large.  

to note that the average values of a f o r  the CO 

similar .  

cc D. This suggests D should be related to the 

We tried a proportionality relationship between 
S J S  

d . d  rd and ? 1 2 a r e  the band l imits  

The parameter  2 was determined separately f r o m  each 

2 

I t  is interesting 

and H 0 bands a r e  quite 2 2 

Finally, no data a r e  given in Howard e t  al. fo r  the very weak 1. 06 and 

2 2 1. 22 p CO bands and the 0. 813 and 0 .719  p H 0 bands. However, Burch 

e t  al. (1965,1966) have recently finished a study of these bands and kindly 

furnished u s  with preprints  of their  data. Thei r  data provide values f o r  c 

f o r  these bands, and the band l imits  a r e  known. 

s imi l a r  f o r  various bands of a given gas, we used the values of the nearest  

known band. Finally C,D, and K were determined by the method outlined 

above. 

Since d and k a r e  quite 

Table 1 summar izes  the values of the empir ical  parameters  a s  de te r -  

mined above. 

pa rame te r s  have been evaluated for 300"K, and no attempt has  been made to 

apply temperature  corrections o r  t o  consider hot bands that could be impor-  

tant at higher temperatures.  A s  we will see  la te r ,  inclusion of temperature  

cor rec t ions  will not affect our basic resul ts .  We can calculate the total 

amount of sunlight absorbed by the atmospheric  gases,  the energy absorbed 

between any two levels in the atmosphere,  and the amount absorbed below a 

par t icu lar  level. 

Because of a lack of data at  high temperatures ,  a l l  these 
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C 
Our basic procedure is  to calculate the values o f f  (g ) ,  f (c) ,  f r ,  and A a a 

fo r  all wavelengths above 4000 

Overlapping by neighboring gaseous absorption bands is corrected for by 

assuming a square-wave distribution for the absorption in wave-number space.  

Finally, a l l  wave-number integrations a r e  weighted by the wave-number d i s -  

tribution of so la r  energy, with the integration for  the amount of sunlight 

absorbed by the ground and cloud aerosols  car r ied  out only over the regions 

between absorption bands. 

absorber ,  and the absorption was evaluated directly f r o m  the observed 

albedos (Sinton, 1963; Evans e t  al. 1965). We denote this component of 

absorption by x. 

and s imilar ly  to obtain the values for  AY 

The absorption below 4000 A is due to a n  unknown 

Figures  1, 2, and 3, exhibit the monochromatic albedo of Venus, in the 

absence of gaseous absorption 4 , the absorptivity of the clouds Bh, and 

the t ransmissivi ty  of the clouds 9,. Figure  1 shows that beyond 1 p the 

curves  for  a fixed optical depth of the clouds show li t t le sur face-pressure  

dependence and hence almost  all the observed albedo is  derived f rom the 

clouds. 

that a t  5500 A is about 0. 9, and so the cloud itself has an  intrinsically high 

albedo. Such an  albedo rat io  is compatible with the computed curves shown 

in  Fig.  1 f o r  surface p re s su re  permitted by the recent spacecraft  experi-  

ments.  We a l so  see  f rom this figure that below 4000 A the predicted albedo 

approaches unity, in severe  disagreement with the observations. This indi- 

ca tes  the presence of some additional absorber ,  which fur thermore is neither 

Moroz (1963) finds that the rat io  of the continuum albedo a t  1. 2 p to 

C 0 2  nor H20.  Since the ratio of the reflectivity a t  3500 A to that a t  5500 

is 0. 61,  which is significantly lower than the rat io  that would pertain if  the 

abso rbe r  were  completely below the clouds and so  affected only the Rayleigh- 

scat ter ing component, the absorber  mus t  exis t  partially above the bottom of 

the clouds. We will tentatively assume that a l l  the absorption below 4000 A 

t akes  place above the cloud bottoms. 

0 

Figure  2 shows that the cloud aerosols  do not abso rb  an  appreciable 

f r ac t ion  of the sunlight except for  wavelengths in excess  of 1. 5 p. 

t h e r e  is s t i l l  a significant amount of sunlight beyond 1. 5 p, and s o  some so la r  

However, 
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energy will be deposited in the water particles.  

to absorb  beyond 1. 5 p, according to Fig.  3 it is not until 2. 7 p that they 

become very  opaque and t ransmit  l i t t le radiation. In Table I1 we provide 

es t imates  of the wavelength regions f r e e  f rom gaseous absorption along a 

path stretching f rom the top to the bottom of the atmosphere.  

windows sunlight will reach  the surface. 

ra t io  of 1 0  

while gas  mixture  A r e fe r s  to a mixing rat io  of 1 0  

tively. 

region depends upon the mixing ratio chosen. 

e i ther  very  weak or  on the logarithmic pa r t s  of their  curve of growth. 

second column of Table I1 is the one closest  to the conditions found by 

Venera 4. 
that between 0. 7 p and 1 p will be absorbed before reaching the ground. 

Nevertheless,  since the biggest window regions a r e  located nea r  the peak of 

the solar-energy distribution, the ground will be able to abso rb  a n  appreciable 

amount of sunlight. 

black to sunlight, and the greenhouse is therefore not completely "dirty. 'I 

Even though the cloud begins 

In these 

Gas mixture  B denotes a mixing 

for  H 0 vapor in the lower atmosphere,  

and 9 .6  X 1 0  , respec-  

- 3  -4 for  C02 and 8 .6  X 10 
-1 - 3  2 

It is interesting to notice how insensitively the s ize  of the window 

This i s  because the bands a r e  

The 

We see  that almost all of the so la r  energy beyond 1 p and some of 

In other words, the Venus atmosphere is  not completely 

Calculations of solar-energy deposition were carr ied out for a variety of 

cloud optical depths T ,  surface p re s su res  P and g a s  amounts. In all 

cases ,  the cloud-top p res su re  was taken a s  200 mb. 

the distribution of the deposited solar energy among the various sinks: 

a tmosphere  a, ground g, cloud aerosols  c, and unknown absorber  x. The 

pa rame te r  n denotes the fraction of energy deposited in a given sink and is 

normalized by the total amount of sunlight absorbed, in contrast  to the total 

amount of sunlight incident upon the planet. Also  given a r e  the total  fraction 

of energy absorbed in the cloud layer n ' (c) ,  which is  the sum of the aerosol  

f ract ion and the gaseous fraction within the cloud layer,  the f ract ion of sun- 

light absorbed above the cloud layer  n ' (a ) ,  and the fract ion absorbed by the 

a tmosphere  below the cloud layer  n"(a). 

S I  

Table I11 summar izes  

The 
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F o r  a fixed pressure ,  the difference in the distribution of solar-energy 

deposition between the various cases  a r i s e s  most ly  f r o m  a variation in  the 

optical depth of the clouds r a the r  than the gaseous mixing ratios: 

optical depth is increased, l e s s  light is transmitted through the clouds to be 

absorbed by the atmosphere beneath o r  by the ground. Similarly, the ma jo r  

difference in  the amount of sunlight absorbed a t  the ground is attributable 

both to variations in the optical depth of the clouds and the optical depth fo r  

Rayleigh scattering, which is important at the ma jo r  window regions. 

When the 

A parameter  of great  importance fo r  l a t e r  calculation is the fract ion 

f ( z  ) of the deposited energy that is situated below the cloud layers .  A s  the 

unknown absorber  in  the UV absorbs entirely above the bottom of the clouds, 

f (z  ) will simply equal n(g) t n”(a). F r o m  Table ID, we see  that f (z  ) var i e s  

only very  slowly with la rge  changes in  surface p re s su re  and in the mixing 

rat ios  of CO and H 0 and is somewhat m o r e  sensitive to the choice of the 

optical depth of the clouds. 

C 

C C 

2 2 

Table IV gives a detailed breakdown of the location of the solar-energy 

deposition. 

in a given level of the atmosphere pe r  unit p ressure .  

P 

in  level 8 pe r  unit p ressure ,  and so 4. 570 altogether l ies  within level 8 as 

level  8 spans the region f rom 2-atm p r e s s u r e  to  5 atm. 

of Table IV is that the so la r  flux declines only ve ry  slowly with increasing 

depth below the cloud layer. L e t  u s  consider case  A, P = 15 atm, T = 18 

and suppose all the energy deposited in  x lies above the bottom of the clouds. 

Then 62. 7% of the deposited energy will be placed below the cloud bottom, 

5570 will be situated below the 2-atm level, 50. 470 below the 5-atm level, 

46. 9% below the 10-atm level, and finally 43. 770 will be positioned in the 

ground. One consequence of this slow decline, as we will see in Section 111, 

is that it is the total  solar  flux deposited below the cloud that determines the 

greenhouse effect ,  and not the amount deposited a t  the ground. 

a substantial  amount of sunlight is deposited below the cloud layer.  

I t  gives the fraction Ah of the absorbed sunlight that is deposited 

F o r  example, with 

= 15 atm, T = 18, and case A, 1. 570 of the total deposited sunlight res ides  
S 

An important feature  

S 

We see  that 
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Table V exhibits the bolometric albedo, i. e. , the f ract ion of so la r  energy 

reflected to space, and the effective temperature  of the planet for  each model. 

The effective temperature  is the average temperature  a t  which Venus must  

radiate to space to lose a n  amount of energy equal to the amount of sunlight 

absorbed. 

s e e  that the values of the bolometric albedo a r e  quite s imi la r  to the m o r e  

direct ly  observed value of approximately 0. 73.  

The formulas used a r e  given in Blanco and McCuskey (1961). We 

11. ESTLMATES OF THE EXERGY BALANCE 

In the last section, we estimated how much so la r  energy was absorbed 

by Venus. 

radiates  to  space and see how comparable these two f igures  a re .  

they should exactly agree,  but because of a n  uncertainty as  to the choice of 

cer ta in  parameters ,  we can demand only approximate agreement.  That this 

will be the case is readily seen: F i g .  3 shows that f o r  all wavelengths in 

which there  is an  appreciable amount of infrared energy - 3 p t o  100  p- 

the clouds of Venus a r e  extremely opaque, and thus the effective temperature  

of emiss ion  to space will be close to that of the effective emitting tempera- 

tu re  of the clouds, 235"  K. 

what lower because of the presence of gaseous opacity in cer ta in  infrared 

wavelength regions. 

We now wish to  calculate how much infrared radiation Venus 

In principle, 

The effective temperature  will actually be some- 

To perform the infrared flux calculation, we must  f i r s t  ascer ta in  the 

pa rame te r s  c i j ,  r ij, s ijJ that appear in  Eq. (13 )  of Pape r  I f o r  the opacity 

of gas  j in the wavelength interval i. 

mi s s ion  average opacity, as defined i n  Eq. ( 3 )  Paper  I.  We will be con- 

cerned with three  sources  of gaseous opacity: H20, C 0 2 ,  and N2. The N2 

molecule is homonuclear and s o  i ts  infrared transit ions a r e  forbidden. 

However, at sufficiently high p r e s  sure, a pressure-induced dipole moment 

will be present.  

direct ly  f rom low-resolution laboratory spectra,  in pract ice  some wavelength 

regions necessitated path iengths as  yet unachievabie in the laboratory. 

The broad-band opacity T is a t rans-  i j  

While in  principle the opacity pa rame te r s  can be derived 

In 

14 



, -  

addition, cer ta in  wavelength intervals susceptible to laboratory measurement  

have not been investigated f o r  a broad enough range of p r e s s u r e  and gas  

amount, and future work i n  this a r ea  would be highly valuable. 

Our basic source of data for  CO was broad-band t ransmiss ion  values 2 
theoretically calculated by Stull - e t  al. (1963) a t  p r e s s u r e s  of 1 a t m  and lower, 

and by Plass and Wyatt (1962) f o r  p re s su res  up to  31 atm.  The t ransmiss ion  

averages  were  calculated for  a wide range of gas  amounts. Below 8. 9 p we 

employed the t ransmiss ion  calculations of Wyatt e t  al. (1962) to obtain the 

relevant pa rame te r s  f o r  H 0 vapor. Between 8. 9 and 12. 9 p, we utilized 2 
the empir ica l  formula given by Davis and Viezie (1964), while f o r  the longer 

wavelength domains,  laboratory data by Stauffer and Walsh (1 966) and by 

P a l m e r  (1960) were  fitted to Eq. (6)  of P a p e r  I. Finally, Solomon (1966) 

h a s  kindly provided us  with a graph of the monochromatic opacity f o r  a 

hypothetical a tmosphere consisting of 90 a tm of N and 10 a t m  of CO We 2 2' 
note that  pressure- induced transit ions show no rotational fine s t ruc tu re  and 

that the monochromatic opacity var ies  quite smoothly with wavelength. 

the monochromatic  opacity of pressure-  induced t ransi t ions sca les  as  p res -  

s u r e  squared,  o r  m o r e  correct ly ,  p re s su re  t imes  g a s  amount,  Solomon's 

opacity can be generalized to a variety of hypothetical a tmospheres  and r will 

equal s .  

Since 

All  the above data re fer  to a temperature  of 300" K.  Unfortunately, there  

a r e  not enough data at higher tempera tures  to allow fo r  possible tempera ture  

dependence. The one exception and a n  important one i s  that  we can readily 

allow f o r  the tempera ture  variation when the dominant sou rces  of opacity in 

a given interval  at 300" K a r e  hot bands. This  is the si tuation f o r  the 8. 9 to  

12. 9 p region f o r  CO,, which i s  dominated even a t  300" K by the 9.4 p and 
L. 

10.4 p hot bands. We simply s e t  G:'ri equal to  the Boltzmann fac tor  with the 
- 1 .  

energy  appropriate  fo r  these bands and normalized so  that G l / r i =  1 a t  
i 

300" K .  
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Tables VI, VII, and VI11 summarize the value of r, s, and c found in the 

above manner.  The values of c given in these tables a r e  appropriate when 

the p re s su re  has  units of atmospheres and the gas amount has  units of cm 

a t m  f o r  C02, pr. cm f o r  H 0, and 1. 11 atm f o r  N 

and c have been made f r o m  pa i rs  of t ransmissivi ty  values;  one being near  

1 /2 and the second pair  having much lower t ransmissivi ty  values. The for -  

m e r  quantities a r e  labeled without primes, while the la t te r  a r e  denoted with 

pr imes.  

spanning seve ral o rde r s  of magnitude differences in gas amounts , while pa i r s  

of s values generally cover  only a n  order  of magnitude difference in the values 

of pressure ,  with a maximum pressure  of 1 atm. Three  important exceptions 

to  the p re s su re  values investigated a r e  regions 6 and 7 fo r  CO 

p r e s s u r e s  between 1 and 31 atm, and region 8 f o r  CO 

between 0. 2 and 31 atm. The values of c and c 'were obtained f rom the same 

data used to  calculate r and r', respectively. To some extent, the difference 

between c and c'is due to the change in  the value of r ,  ra ther  than to a change 

in the opacity as calculated by the original formula.  To estimate how much the 
opacity itself has  changed, we have calculated the quantity W 

gas amount required f o r  the transmissivity to equal 1 /2 along a path a t  a 

constant p re s su re  of 1 atm. We see that generally r, s, and W change very 

slowly with p re s su re  and gas amount s o  that opacity Eq. (13) should be fair ly  

accura te  when used as an interpolation formula,  and this equation will st i l l  

have some validity a s  a n  extrapolation formula.  In a l l  the calculations below 

we will use the unprimed values since they interpolate the transmissivity a t  

those optical depths contributing most to the flux. 

in te rva ls  r = s a s  was expected from the discussion in Pape r  I. 

Two est imates  of r, s, 2 2 '  

Pr imed and unprimed values of r represent  t ransmission values 

which span 2' 
which spans p re s su res  

2' 

which i s  the 
C' 

C 

We see  that for  many 

Equation (4) of Paper  I is now used to  calculate the flux radiated to space 

in each wavelength interval. 

Tables  VI  through VIII span the region f rom 2 to  100  p. 

needed to ensure adequate coverage of the blackbody function. Equation ( 1  3) 

is used to calculate the opacity in a given wavelength interval for  a specified 

We note that the wavelength intervals in 

Such a wide range is 

m q c . a n i i o  -LmA,L--. -.-..I &L-- --.- nT-fi- the t h c o e  c n - q - n ~ o  n F  n - 9 n : t - v  tn nht3;n guuLvUu Qu,=.v~LJI=;, allu L * l c ; I I  W G  nul l ,  V V L L  b I I L  L I I I L L  .3VUILL.U V I  V p u L r L y  I," "ULLCI.*I 

the total  opacity. We approximate the radiative t r ans fe r  process  for  the 
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cloud layer  by localizing the cloud opacity a t  the 235" K temperature  level and 

assuming it to be infinite. The atmosphere is assumed to be adiabatic f rom 

the 235" K level to the 210' K level, above which the atmosphere is assumed 

to be isothermal. 

Table IX summarizes  the results of the flux calculations for  individual 

wavelength regions by a s  signing a n  effective temperature  a t  which a blackbody 

would produce the same amount of flux a s  is actually emitted. 

tion was performed for two CO mixing ratios,  0. 1 %  and 10%. Water vapor 2 
was assumed to be present  a t  saturation values throughout the adiabatic por- 

tion of the atmosphere. Again, the p re s su re  a t  the bottom of the isothermal  

region was taken a s  200  mb. W e  see that the opacity of the atmosphere above 

the clouds has  become small  in many wavelength regions, owing to the precip- 

itation of water vapor a s  well a s  the temperature  sensitivity of the 9. 4 and 

10. 4 p hot bands. 

to 3. 88 p, 8. 89 to 12. 90, and 17. 39 to  29.41 p, where the temperature  has  

been measured,  the effective temperature  is close to  the cloud temperature.  

Thus, in the f i r s t  approximation we can identify the measured temperature  

with the cloud temperature,  as was done in the introduction of this paper. 

The calcula- 

In particular,  we see  that in the wavelength intervals 3. 42 

Summing over a l l  wavelength intervals, we can derive a n  integrated flux 

and f r o m  that an effective temperature fo r  the thermal  radiation to space. 

We find a value of 225.4' K for  the 10% C02  case,  and 227.4" K for  the 0. 1% 

case.  

ra t io  assumed. 

which is derived mostly f r o m  a n  uncertainty in the effective cloud tempera-  

ture.  

similar uncertainty, derived f rom the bolometric albedo and summarized in 

Table V.  These cal- 

culations may  be viewed as showing that the cloud-top temperature,  and 

m o r e  generally the temperature  throughout the cloud, a r e  controlled by the 

heat- balance requirement. 

We note the grea t  insensitivity of these numbers to the CO mixing 

An uncertainty of f 1 0 "  K is attached to these calculations, 
2 

This temperature  can be compared with a value of 235" K ,  with a 

The two resu l t s  a r e  equal within their  uncertainties. 
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111. TEMPERATURE STRUCTURE OF THE VENUS ATMOSPHERE 

AND REQUIREMENT FOR THE GREENHOUSE E F F E C T  

We wish to estimate the amount of CO H 0, and N2 needed to produce 2' 2 
a very  efficient greenhouse effect and to find the temperature  lapse rate  in 

the region between the bottom of the clouds and the surface. In Pape r  I we 

discussed why the clouds can be expected to m a r k  the end of the convection 

zone in the lower atmosphere.  

near  the cloud bottom is not necessarily indicative of the gradient in  deeper  

and s o  in  principle there  could be only a local convection zone near  the cloud 

bottoms. The demand that the clouds exist  a t  the end of the convection zone 

enables us to specify the temperature gradient +, a s  will be done below, and 

s o  f r o m  Eqs. (33) and (36) of Paper  I for  the net infrared f l u x  a t  the cloud 

bottom we can obtain a constraint on the opacity. 

then find the radiative temperature gradient in deeper portions of the atmos-  

phere f rom Eq. (26)  of Paper  I and, finally, calculate the microwave opacity 

of the atmosphere.  

I-- 

W e  showed that the temperature  gradient 

With this constraint we can  

We now consider the flux equation at the bottom of the clouds in m o r e  

detail.  

Boltzmann constant, T is the effective temperature,  which we take a s  235" K ,  e 
and f(z) is the fraction of the deposited sunlight, which is absorbed below level 

z,  h e r e  the cloud bottoms. 

was ve ry  insensitive to the choice of g a s  amount o r  surface p re s su re  and we 

will use a n  average value of 0. 525, implied by Table I11 f o r  a surface pres-  

s u r e  of 15 atm. If we assume that the effective emitting temperature  of the 

clouds in  a downward direction T 

temperature ,  then according to Eq. (35) of Paper  I there  will be a tempera-  

t u re  discontinuity a t  the cloud bottoms fo r  the radiative equilibrium solution. 

If A T  denotes this discontinuity and if  we assume that the radiative lapse rate  

is half the adiabatic value f r o m  the air cloud-bottom temperature  T(z)  to 

T(z)  t AT, then when convective instability is allowed for ,  the temperature  

The quantity F ( z )  simply equals f(z) u T4 where IT is the Stefan- e' 

The calculations of Section I indicated that f (z )  

equals the thermometr ic  cloud-bottom 
C 
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will go f r o m  T to  [T(z)  t AT] over the same  region of the atmosphere and 

the gradient will be adiabatic. W e  note that our  calculations a r e  very insen- 

sitive to the exact specification of the boundary-layer radiative lapse rate.  

We fur ther  assume that the radiative lapse r a t e  is the adiabatic value below 

the boundary region so that the clouds mark  the end of the convection zone. 

W e  note that because the clouds ac t  a s  a blackbody at the upper boundary, the 

s t ra tospheric-  s t ruc ture  problem is decoupled f r o m  the tropospheric problem. 

C 

A number of simplifying assumptions entered into the derivation of 

Eq. (36)  of Pape r  I f rom the rigorous integral  fo rm of the flux equation. 
Sample calculations indicate that the use of Eq. (36)  gives r i s e  to e r r o r s  of 

l e s s  then 15%, which was considered adequate fo r  our  purposes. 

We now consider the number of f r e e  parameters  entering into Eq. (36)  - 
of Pape r  I. 

by Eq. (33)  of Pape r  I. 
and B.  is a function of temperature,  which in  turn  is related to  p re s su re  

through $, there  a r e  essentially five f r e e  parameters :  

the three  gases  under consideration, the total p re s su re  at  some reference 

level, and the cloud-bottom temperature.  Since HZO, CO and N can be 
assumed to  be the principle constituents of the Venus atmosphere,  the sum of 

their  mixing rat ios  must  be one. 

vapor  at the cloud bottoms will equal the saturation value, which is a function 

only of the cloud-bottom temperature Tc. 

pa rame te r s  enter  into Eq. (36 ) .  

paramete r s  and use  Eq. (36)  to find the third. 

The quantities f(z) and $ have been specified above; Zi is defined 

Since 8 .  is proportional t o  the mixing rat io  of gas j ,  
J 

1 
The mixing rat io  of 

2' 2 

In  addition, the par t ia l  p re s su re  of water 

Thus, only three  independent 

F o r  a given model we select  two of these 

d 

We choose as  the two specifiable pa rame te r s  the cloud-top p res su re  P, 

f o r  which we have various measurements ,  and the cloud-bottom temperature  

The CO mixing rat io  a , is  then inferred f r o m  Eq. (36) .  The 
C' 2 c02 

values  of c, r, and s contained in Tables VI,  VII, and VIII a r e  used in the 

calculations . 



We choose to determine the CO mixing rat io  a f r o m  the cloud- 
2 c O.2 bottom flux equation because the atmosphere in its vicinity is at conditions 

close to STP, where the values of c, r, and s a r e  mos t  well known and where 

our  use of Tables VI, VII, and VIII will be mostly a n  interpolation procedure.  

F o r  this reason, we feel  the determination of a 

of the atmosphere is far l e s s  desirable. 

p re s su re  to the cloud bottom and thence to  lower altitudes, we mus t  f i r s t  know 

the lapse ra te  within the clouds. 

the clouds, summarized in  Fig.  2 ,  we can readily calculate the Rosseland 

m e a n  opacity of the clouds f o r  a typical cloud temperature  of 240" K .  

find this to be 6 fo r  a visual extinction optical depth of 18 and 13 for  a visual 

value of 43. 

is 21 0" K ,  these optical depths would imply cloud-bottom temperatures  of 

375" K and 450" K ,  respectively, under the assumption of radiative equilib- 

rium. 

models,  such clouds would be in  convective equilibrium with a wet adiabatic 

tempera ture  gradient, i. e . ,  one that allows f o r  the re lease  of latent heat. 

Relevant formulas  for  the wet adiabatic lapse ra te  a r e  contained in Hess 

(1 959). 
exchange between them, we can again expect a n  adiabatic lapse rate,  although 

it m a y  be a d r y  one. 

cloud-top pressures .  

f r o m  the f l u x  at the bottom 
co2 

In o rde r  to extrapolate the cloud-top 

From the monochromatic t ransmissivi ty  of 

We 

If the cloud layer  is  well mixed and the cloud-top temperature  

Since lower cloud-bottom tempera tures  will be considered in  our  

Similarly, if the clouds occur in d iscre te  layers  with radiative 

We will employ both lapse r a t e s  to extrapolate the 

The cloud-top temperature  is taken to be 210" K .  

2 We now use the values of the specified pa rame te r s  as well as  the CO 

mixing ratio inferred f rom the flux equation at the cloud bottoms to  calculate 

the radiative value of $ a t  a pressure  level 6 t imes  that of the cloud bottoms. 

An  adiabatic lapse ra te  is used to find the temperature  a t  this point f r o m  the 

a tmospher ic  pa rame te r s  at  the clouds. 

per form the calculation of +. 
y / ( y  - l ) ,  where y is the ratio of the specific heats, the atmosphere is unstable 

at that position and so a s sumes  the adiabatic value. 

value to proceed to  a level where the p re s su re  is 1. 5 t imes  l a rge r  than a t  

the present  level and the process  repeated. 

unti l  an  assumed surface temperature of 700" K is reached. 

f ( z )  a t  each p res su re  level is found f rom the calculations i n  Table IV. 

Equation (26) of Pape r  I is used to 

If the radiative value of is grea te r  than 

We then use the actual 

We continue in  s teps  of 1. 5 

The value of 

2 0  



I -- 

Finally, we estimate the microwave opacity of the atmosphere by 

calculating the parameters  M and R ;  M is defined a s  the rat io  of the param- 

e t e r  X, defined by Eq. (1 )  of the introduction, to  6.  3 3  X 1 0  . 
and N 

M of 1 gives a good fit to the microwave brightness temperature  spectrum, 

while a value of 10 would account for  the low 3 .  0-cm radar  c r o s s  section. 

In any case,  M should not be above 10. 

fourth t e r m  of Eq. (1)  t o  the sum of the f i r s t  three and is thus the rat io  of the 

microwave opacity due to water vapor to that attributable to CO 

3 If C 0 2 ,  H 2 0 ,  

a r e  the chief sources  of the microwave gravity of Venus, a value for  2 

The parameter  R is the ratio of the 

2' and N 2 

A computer program was constructed by David Ziskind to c a r r y  out the 

above calculations and allow us  to explore many possible models.  

approximations made  the equations sufficiently simple s o  that 200  model 

calculations were car r ied  out in just a n  hour of computer time. 

Our 

We now summarize the results of the above calculations. One general  

property of a l l  models is that the atmosphere is in convective equilibrium 

f r o m  the cloud bottoms to the ground. 

11. 

region 6,  characterized by a mean wavelength of 8 p and thus according to  

Eq. (21) of Paper  I by a value of n of about 4. 5 a t  4 0 0 ° K .  

usually the most  important contributor to  the opacity in this  region and s o  

s / r  = 0. 8. 
radiative value of 

value of about 0. 2. 

ones showed, the radiative value of $ was considerably l a r g e r  than the adia- 

batic value. 

s t ruc tu re  of the atmosphere a s  long as  it va r i e s  slowly with p re s su re  below 

the clouds, a s  it did f o r  a l l  the cases  considered in  Table IV. Similarly, we 

may have neglected important sources  of opacity a t  high p r e s s u r e s  and 

tempera tures ,  such a s  hot bands, but these will only lead to l a r g e r  radiative 

values  of + and the resultant atmospheric s t ructure  will remain  adiabatic. 

We a l so  see that the greenhouse effect is determined by the value of f(z) at 

This resul t  was anticipated in Pape r  

Usually the wavelength region contributing the mos t  to the total flux was 

Water vapor was 

The parameters  E and 5 a r e  approximately zero. Thus, the 

a t  the 400°K level is about 0. 4 compared to an adiabatic 

A s  the sample calculation would indicate and as  the actual 

Accordingly, the exact value of f(z) is i r re levant  f o r  the final 
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the cloud bottoms and not by its value at the surface: We can change f(z) a t  

the sur face  substantially without changing the atmospheric s t ructure .  The 

predicted adiabatic behavior of the lower portion of the Venus atmosphere 

is in good agreement  with the Venera 4 and Mariner  5 results. 

The values of W the gas amount needed to  achieve a transmissivity of 
C' 

1 / 2  a t  1 a tm pressure ,  allow us to es t imate  the wavelength where the opacity 

will be the leas t  and the contribution to the total  flux the greatest .  Tables VI, 

VII, and VIII l i s t  the est imates  of W F o r  comparison, an  atmosphere of 
C' 

10% C 0 2 ,  1% H 2 0 ,  and 897'0 N2 would have W- 

7. 1 pr. cm, and 0. 89 atm, respectively, of these gases  above the 1-atm 

p res su re  level. 

fundamental, is characterized by a W 

ve ry  opaque unless the CO 

hand, regions 6 ,  7, 11,  and 13 are  very  t ransparent  for  CO and in fac t  

regions 1, 2, and 3 ,  where there is essentially no CO opacity, a r e  completely 

transparent.  

these t ransparent  regions for CO 

1, 2 ,  and 3 it  is very  opaque. 

situated. Similarly,  regions 7 and 11 a r e  fa i r ly  opaque fo r  H 0 vapor. Thus, 

we can see that regions 6 and 13 will be the most  t ransparent  ones for  a 

mixture  of H 0 and C02. 

body function than is region 13, except perhaps a t  the bottom of the atmos- 

phere,  region 6 can generally be expected to  be the one most  contributing to 

the total flux and the region most  influencing the greenhouse calculations. 

This fact  was first pointed out by Sagan (1960). 
with Table VIII, which gives the regions in which N 

is the strongest,  we see  that in regions 1,  2,  and 3 the pressure-induced 

rotational opzcity of N2 will generally be sma l l  compared to the permitted 

rotational opacity of H 0 vapor, and similarly,  in region 9, the pressure-  2 
induced fundamental of N 

4. 3 p CO fundamental. 

4 amounts of 8. 7 X 10 c m  atm, 
C 

Thus, fo r  example, region 4 for  C02,  the region of the 15  p 

value of 6.  5 and certainly will be 
C 

mixing rat io  is exceedingly small. On the other 2 

2' 

2 
Water vapor quite conveniently is fa i r ly  opaque a t  a number of 

In regions a s  indicated by Sagan (1960). 

2 

2' 
Here the pure rotation band of H 0 vapor is 

2 

Because region 6 is closer  to the peak of the black- 2 

Comparing Tables V I  and VI1 

pressure-induced opacity 2 

will generally be insignificant compared to the 
2 

2 
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The above deduction, that the N pressure-induced transit ions a r e  2 
generally unimportant, is borne out by the calculations. 

bottom temperature  as low as 240" K and water-vapor mixing ratios a s  low 

a s  10 , the water-vapor opacity still dominates i n  regions 1, 2, and 3, and a 

s imi la r  statement holds f o r  CO and N in region 9. A somewhat surpr is ing 2 2 
fact  is that the N pressure-induced opacity does not become more  important 

at the higher p re s su re  near  the surface. 

opacity with respect  to the top of the atmosphere var ies  as P , while the H 2 0  

opacity, again with respect  to  the top of the atmosphere,  var ies  approximately 

as  P , and so the N 2 2 
opacity. However, the opacity between two nearby levels  in the atmosphere 

will not reflect this type of opacity p re s su re  dependence because of the non- 

l inear  dependence of the H 0 opacity on g a s  amount, a s  is explained m o r e  

fully in Paper  I. 
component to reduce the IR flux var ies  as P (s'r+l), and s o  the ability of H 2 0  

and N2 to reduce the IR flux will change ve ry  l i t t le with depth in the atmos-  

phere.  Table X i l lustrates  this point by comparing the value of Y for  C02, 

NZ, and H 2 0  near  the cloud bottoms and near  the surface; Y denotes the value 

of the quantity within the inner parenthesis of Eq. (26) of Paper  I and provides 

a measu re  of the importance of a given gaseous constituent in  controlling the 

IR f lux  in a given wavelength interval. 

Even with a cloud- 

-5  

2 
In region 1, f o r  example, the N2 

2 

i opacity will certainly increase fas te r  than the H 0 

2 
According to Eq. (26) of Pape r  I, the ability of a given gas  

Table VI1 has  a n  interesting implication about the possibility of H 2 0  vapor 

completely dominating the opacity a t  each wavelength interval. 

e a r l i e r  that with 1% H 0 above the 1-atm p r e s s u r e  level there  a r e  7.1 pr.  c m  

of HZO. We see f rom the W values in Table VI1 that if the H 2 0  mixing rat io  

and the total p re s su re  a r e  sufficiently high, water  vapor could by itself com- 

pletely blanket the ent i re  IR wavelength region. 

explicitly i l lustrate this possibility. While the mixing ratio and p res su re  

requirements  may  be too extreme for  the present  Venus atmosphere,  this  

possibility might have been of some importance in Venus' past  history. 

We saw 

2 

C 

Several  models below will 
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Table XI summarizes  the resul ts  of the greenhouse calculations fo r  a 

The wide var ie ty  of cloud-top p res su res  and cloud- bottom temperatures .  

symbols 1 and 0 next to the cloud-bottom temperature  denote the u s e  of dry  

and wet adiabatics throughout the cloud. 

the resu l t s  were essentially identical. 

fulfilling f l u x  Eq. ( 3 6 )  of Paper  I. 

that the inferred water-vapor mixing rat io  below the clouds exceeds unity. 

Such a situation a r i s e s  when the cloud-bottom temperature  is high and the 

cloud-top p res su re  is low. 

F o r  tempera tures  l e s s  than 2 7 0 "  K ,  

Not all models were capable of 

One obvious reason for such a fa i lure  is 

1 

We denote this kind of model by listing >1 in the 

column of Table X. A second reason for  failure i s  that the opacity may  

mixing ratio. 
k z o  
be too low o r  too high for  any acceptable CO 

bottom p res su re  and water-vapor mixing rat io  a r e  too small, even a maximum 

mixing rat io  of CO 1 - a 

the cloud bottoms. 

the other  hand, i f  the cloud-bottom temperature  and cloud-top p res su re  a r e  

too high, water  vapor by itself may be too opaque. 

with > O  in  the a 

above, no cloud model with a cloud-bottom temperature  of 360" K o r  g rea t e r  

was successful. When the cloud-top p res su re  was low, the water-vapor 

mixing rat io  exceeded 1, and when it was raised sufficiently to  overcome this 

difficulty, water vapor became too opaque. 

not work, it is remarkable  how wide a range of models was successful;  

c lear ly  some observational constraints must  be placed so  as to nar row down 

the l i s t  of possibilities. 

If the cloud- 2 

will lead to too high an  infrared net flux a t  H2 0' 2' 
column. On 

H2° 
Such a model  is identified by >1 in the a 

We indicate this model 

column. Because of a combination of factors  discussed 
H 2 0  

Despite all the models that did 

A s  a resul t  of the recent space experiments, we can obtain a fa i r ly  

specific greenhouse model to compare with the observations. 

imposing modest  limits on the input pa rame te r s  and p rogres s  to more  severe  

limits. 

CO abundance should exceed 50%. 2 
of the other parameters  under these constraints. 

solid curves  correspond to  the assumption of a wet and a d ry  adiabatic lapse 

ra te  in the c l o i ~ d s ~  respectively. 

and R a r e  all computed f o r  a n  assumed surface temperature  of 700°K. 

sur face  temperature  is actually 543"K, P 

We begin by 

The cloud-top p res su re  surely l ies  between 50 and 500 mb, and the 

F igures  4 through 9 il1ustrat.e the behavior 

The dashed curves and 

The values of P-, the surface pressure ,  M, 
If the 

should be lowered by a factor  4. 5, 

n 

S 
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M by a factor of 20, and R will be unchanged. 

permit  m o r e  stringent limitation on the input parameters .  

mar i zes  the range of output parameters  permitted when the CO 

is above 75% and the cloud-top pressure  l ies  between 150 and 300 mb. 

le t  u s  pick the mos t  likely se t  of input parameters :  a cloud-top p res su re  of 

230 mb, a CO mixing ratio of about 977'0, and a wet lapse rate  in  the clouds. 

The resulting output parameters  a r e  again summarized in Table XI. 

The space experiments certainly 

Table XII s u m -  

mixing ratio 2 
Finally, 

2 

Le t  us  now consider Table XI1 in g rea t e r  detail. A pres su re  of 1 0 0  a tm 

a t  the 700" K level is implied when the best  choice of input parameters  is  

used. This  implies a p re s su re  of 22 a tm a t  the 543" level, i n  excellent 

agreement  with the Venera 4 resul ts  of 2 0  f 2 atm. 

could be obtained by choosing a higher cloud-top pressure  than 230 m b  and 

lower values of the CO 

A s imi la r  agreement  

mixing ratio. 2 

F o r  the best-choice case,  a water-vapor mixing ratio of about 0. 5% is 

required.  

mixing rat io  determined by the Venera 4 experiment. 

mixing ra t io  below 97% and ra i se  the cloud-top p res su re  above 230 m b  s o  as 

to achieve the Soviet p ressure  value a t  543" K ,  we again obtain water-vapor 

mixing rat ios  compatible with the Soviet water-vapor results.  Similar  state- 

men t s  hold for  a change f rom wet t o  d r y  lapse rate  in the clouds, which a l so  

requi res  a n  increase in  P to match P(T = 543" K) .  

relaxed to aCO 

ra t io  required for  the greenhouse effect is a t  mos t  a factor of 3 above the 

Soviet upper limit. 

sou rces  of the greenhouse effect on Venus, provided we accept the Russian 

water  measurements  as valid. 

This value falls within the range of 0. 1 to 0. 770 for  the water-vapor 

If we lower the C 0 2  

N 

Even with the conditions 

1 0.75 and 150 mb I P 5 300 mb, the water-vapor mixing 
ry 

Thus it would appear  that H 0 and CO a r e  the chief 
2 2 

The cloud-bottom temperatures  T implied by the calculation a r e  close 
Hence, the cloud will consist mostly of ice to  the freezing point of water. 

c rys t a l s  except near  the bottom. The wet lapse ra te  implied by these tem- 

pe r a t u r e  s is compatible with the apparently slightly subadiabatic lapse rate  

in fer red  f r o m  the Mar iner  5 resul ts  fo r  the region the clouds would occupy 
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(Sagan and Pollack, 1968). 

the 230-mb level was expected by our model. 

abundant opacity due to  the cloud aerosols ,  while above the 230-mb level 

there  is only CO 

of solar  heating. 

The sha rp  change in temperature  gradient near  

Below 230-mb level there  is 

absorption in a few wavelength regions and a la rge  amount 2 

The values of R in  Table XI1 show that both CO and H 0 vapor will make  2 2 
s imi l a r  contributions to  the microwave opacity. 

about twice a s  much CO 2 2 
M indicates that the sum of the two opacities will be quite significant in reduc- 

ing the microwave brightness temperature found below 3 c m  in wavelength 

f r o m  the value of the surface brightness temperature .  F o r  a surface tem-  

pera ture  of 700"K, there  is s o  much opacity that a l l  the reduction in the r ada r  

c r o s s  section between 12. 5 and 3. 8 c m  can be attributed to  atmospheric 

absorption. In fact, f o r  the best model, the M value a t  700" K is a factor of 

and Ts. 3 too much. We note that M is very sensitive to  the choice of a 

Even fo r  a surface temperature  of 543" K ,  M will range between 1 / 2  and 2 

( i t  equals 1. 5 fo r  the "best" model) and s o  there  will be appreciable micro-  

wave opacity below 3 c m  in wavelength. W e  note that par t  of the dec rease  in 

c r o s s  section f r o m  12. 5 cm to 3 . 8  cm m a y  be due to a decrease in dielectr ic  

constant (Pollack and Sagan, 1965a). An M value of 1 gives a good fit for  the 

microwave spectrum when T = 700" K.  If T is a s  low a s  543" K, the 

observed brightness temperature would be too low by between 100 and 150" K 

at long wavelengths, where there is negligible a tmospheric  attenuation. 

Clearly,  the problem of fitting the microwave spectrum must  be reconsidered. 

F o r  the "best" case,  there is 

microwave opacity as H 0 opacity. The value of 

co2 

S S 

We now summar ize  the basic resu l t s  of this  section. F o r  a l l  models,  

the atmosphere is convectively unstable and a n  adiabatic lapse rate  is 

expected between the clouds and surface in  approximate agreement with the 

spacecraf t  findings. 

is the so l a r  energy deposited below the clouds and not the amount deposited 

at the ground that determines the greenhouse effect. 

and H 0 vapor a r e  the only source of infrared opacity below the clouds and 

u s e  the mixing rat io  of CO 

As a resul t  of the l a rge  instability near the surface,  it  

If we assume that C02  

2 
and the p r e s s u r e  found by the spacecraft  2 
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experiments, our greenhouse models require  amounts of H 0 in the lower 

atmosphere,  which a r e  in  reasonable agreement  with the amount apparently 

detected. In addition, cloud-bottom temperatures  close to the freezing point 

of water a r e  found and the H 2 0  vapor and CO will both be important sources  

of microwave opacity. 

house requirement fo r  various constraints on the CO 

top pressure .  

2 

2 
Table XIIand Figs.  4 through 9 present the green- 

mixing ratio and cloud- 2 

' .  

. 

IV. CRITIQUE O F  OTHER GREENHOUSE MODELS 

The discovery of the high surface temperature  on Venus has  engendered 

a la rge  number of models attempting to explain this phenomenon, including 

the present  paper. We briefly review and comment upon these other models. 

In 1940, Wildt (1940) considered the effect of the then estimated amount 

of carbon dioxide in the Venus atmosphere and concluded that it would cause 

only a ve ry  modest greenhouse effect of no more  than 50" K. 

above, carbon dioxide has a number of window regions and so, some additional 

source  of opacity, such a s  water  vapor, is needed fo r  a large greenhouse 

effect. 

As mentioned 

The first modern  greenhouse model was proposed by Sagan (1960). His 

model  employed CO 
and he estimated these quantities f rom boiler-furnace emissivi t ies  for  each 

of the gases,  

Li t t le  attempt was made  to  t r ea t  the solar-energy deposition, and the green-  

house constraints were  obtained by demanding that there  be enough opacity 

to  adequately reduce the radiation flux f rom the surface a t  the top of the 

atmosphere to  a n  amount equal to the deposited so l a r  energy. 

and H 0 vapor opacity to  cause the greenhouse effect 2 2 

with some attempt made  to cor rec t  for  wavelength overlap. 

Sagan's model was criticized by Ja s t row and Rasool ( 1  962), who pointed 

to the need to c a r r y  out a m o r e  detailed radiative-transfer calculation. A 

sample  grey calculation indicated that much higher opacities were needed 

when this was done. Jastrow and Rasool a l so  did little with the solar-energy 
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deposition problem nor did they attempt to identify their  grey opacity require- 

ment  with the propert ies  of a specific infrared absorber.  

F u r t h e r  work on a gaseous greenhouse model was done by P l a s s  and 

Wyatt (1962),  who showed that a t  p ressures  of tens of a tm,  CO can be quite 

opaque a t  mos t  infrared wavelengths. However, their  greenhouse model 

again improperly allowed for  atmospheric infrared radiation and s o  is subject 

to the same  cr i t ic i sm as Sa.gan's early work. 

radiation beyond 20  p. 
decrease  significantly the greenhouse effect if the proposed absorber  does 

not absorb  beyond 2 0  p, as  i s  the case f o r  CO 

2 

These authors a l so  neglected 

There  is  enough radiation a t  these wavelengths to  

2' 

Ohring and Mariano have s t ressed the role that condensation clouds 

In one paper (Ohring and could play in achieving the greenhouse effect. 

Mariano, 1964), they show how clouds that were opaque in the infrared and 

covered a la rge  fraction of the planet needed only a ve ry  modest amount of 

a tmospheric  opacity to achieve the required radiation balance. 

they assumed that the atmosphere was nearly adiabatic up to the cloud level. 

In s o  doing, they neglected the most  important par t  of a greenhouse calcula- 

tion. Such lapse ra tes  will per ta in  only if  there  is a continuously distributed 

s t rong source of infrared opacity below the clouds and this opacity source i s  

evidently the mos t  important contributer to a high surface temperature.  

However, 

In another cloud model, Ohring e t  al. (1964) considered a n  opaque cloud 

layer  extending to  the 373" K level, below which opacity was supplied by some 

grey abso rbe r  in radiative equilibrium. 

comparing the grey absorber  with some rea l  mater ia l  and in assuming a pr ior i  

that  radiation equilibrium holds. 

Such models a r e  defective in not 

- 

A third c l a s s  of greenhouse models envisions aerosols  such as dust par-  

One apparently obvious advan- t ic les  distributed throughout the atmosphere.  

tage of such a model is that l a r g e  opacities over the ent i re  infrared domain 

czii be achieved -Kith such solid absorbe rs .  

problem is that the aerosols  might be s o  opaque even to sunlight that no 

C)n t h e  G t h C i -  hand, a c G r r , m G n  
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sunlight will reach  the ground. 

will be quite small if  they a r e  to stay aloft f o r  any length of time, and so it is 

not obvious a pr ior i  that such particles will be opaque at all infrared wave- 

lengths. Naturally, scattering will abet the absorption process ,  but i t  is 

st i l l  of grea t  interest  for  the absorption propert ies  of common mater ia l s  to 

be determined. 2 3' 
calcite, and quartz particles of small dimension (-10 p) a r e  fairly t ransparent  

(Gray, 1963). 

It must be remembered that these aerosols  

-- 

It might be pointed out that below 5 p in wavelength, A1 0 

The f i r s t  such dust model was proposed by Opik (1961). He assumed 

a pr ior i  that all the so la r  energy would be deposited a t  the top of the atmos-  

phere and invoked wind friction a s  a means of supplying heat to the surface.  

To keep the aerosols  aloft, he required the atmosphere to be in convective 

equilibrium. 

to dust models per se,  is that with a convective atmosphere the solar  flux 

deposited a t  the top will be t ransferred to the ground chiefly by convection 

and there  is no need to  invoke a minor heat-input mechanism like wind f r i c -  

tion. 

flux below this level will be z e r o  and for  a local theory the atmosphere will 

be isothermal.  In this sense,  Opik's model is self-contradictory. 

- 

One objection to Opik's model, although not a fundamental one 

- 

If all the so la r  energy is  deposited a t  the top, then the infrared net 

.. 

Goody and Robinson (1966) attempted to  circumvent this  la t ter  difficulty 

by having global circulation play a role and be the causative agent of a n  

adiabatic lapse ra te  below the clouds. 

fo r  t e r r e s t r i a l  oceans. 

deposited in  one nar row region of the atmosphere.  

per ta ins  most  reasonably to a dust layer,  the authors  a l so  considered i ts  

application to a water-cloud layer  extending to the surface of the planet. 

Even without the Soviet results,  this specific model is clear ly  inapplicable to 

Venus since a microwave opacity of m o r e  than l o 4  of the observed value 

would thereby be engendered (Pollack and Sagan, 1967b). A m o r e  fundamental 

c r i t i c i sm has  come f r o m  Hess (1967), whose calculations indicated that global 

circulation would not lead to a substantial adiabatic layer  below the level of 

deposition. In addition, a s  we will mention immediately below, the so la r  

energy  is not absorbed in a thin layer of the atmosphere.  

Analogy was drawn to the situation 

Again the sunlight was assumed a pr ior i  to be - 
While such a model 
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Samuelson (1967) has made a major  contribution to  the dust model by 

explicitly calculating the so la r -  ene rgy deposition f rom single - s cattering 

albedos implied by the visual reflectivity of Venus. 

albedos a r e  quite high and s o  so la r  energy penetrates fa i r ly  deeply into the 

dust l ayer  and is not localized in one place. 

greenhouse effect by assuming the dust layer  was infinitely deep and in 

radiative equilibrium. 

be compatible with the radio-derived average surface temperature  of 700" K ,  

they m a y  not be in ve ry  severe  disagreement with the Venera 4 value of 

550" K .  

scattering albedo of the dust particle, which was derived by Sobolev (1 963) 

f r o m  the observed reflectivity, is very sensitive to the choice of phase 

function. 

g r o s s  approximation. 

one employed by Sobolev implies a higher single-scattering albedo and hence 

a l a rge r  greenhouse effect. Samuelson's work can be improved upon both in 

this  way and by allowing fo r  convective instability. 

These single-scattering 

Samuelson overestimated the 

While his asymptotic tempera tures  we r e  too low to 

Fur thermore ,  Samuelson did not realize that the visual, single- 

While Sobolev t r ied to derive the phase function, his  theory is a 

A m o r e  forward-scattering phase function than the 

Finally, Hansen and Matsushima (1 967) supposed that solar energy cannot 

reach  the surface and added an  additional heat source i n  the form of the sub- 

sur face  heat flux due to  radioactive heating. 

o r d e r s  of magnitude sma l l e r  than the solar-heat flux, they obtained the 

required hot surface by increasing the aerosol  opacity sufficiently. 

the equilibrium f o r m  of this  model is reasonable, it is unclear how the atmos-  

phere evolved to the equilibrium state: Once there  is s o  much dust that 

sunlight could not penetrate to the surface, it is hard to see  how additional 

dust  could be added. 

While this heat flux was severa l  

Although 
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Fig.  1 .  Spherical  albedo A as a function of wavelength A ,  in units of 
The calculations per ta in  to scattering by the clouds and atmos-  microns .  

phere,  but neglect gaseous absorption. The ice-cloud par t ic les  have a n  
average  radius of 7. 5 p. The calculations were performed f o r  two s u r -  
fac t  p r e s s u r e s  Ps, and two cloud optical thicknesses T I .  
phere was  assumed to be composed primarily of nitrogen. F o r  atmospheres 
composed pr imari ly  of carbon dioxide, the indicated surface p re s su re  should 
be divided by 1. 55. 
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rad ius  of 7. 5 IJ. and seve ra l  optical depths T a r e  employed. 1 
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greenhouse effect  as a function of the cloud-top p res su re  P. 
dioxide mixing rat io  assumed in the calculation of a given curve is  indicated 
Solid l ines correspond to a model with a n  assumed d ry  adiabatic lapse rate 
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Fig .  7, Microwave parameter  M, a s  a function of the cloud-top 
p r e s s u r e  P, fo r  various successful greenhouse models: M is the rat io  
of the actual opacity f o r  a n  assumed surface temperature  of 700" K to that 
required by the Ho e t  al. best  f i t  t o  the passive microwave data.  
dioxide mixing rat io  assumed in the calculation of a given curve is indicated. 
Solid l ines correspond to a model with a n  assumed d r y  adiabatic lapse rate  
within the clouds, while the dashed lines correspond to a wet adiabat within 
the clouds. 
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TABLE I 

V a l u e s  of the E q u i v a l e n t - W i d t h  Parameters 

Band Center Limits (cm-’) 

(P) (cm-’) (crn-l) C d k C D K A “P 

c02 

14. 8 

4. 29 

2.75 

2. 01 

1. 59 

1.44 

1.22 

1 .  06 

6. 25 

3. 26 

2. 58 

1. 87 

1 .  38 

1.  14 

0. 926 

0. 813 

0. 719 

675 

2330 

3640 

4975 

6275 

6950 

8162 

9475 

1600 

3370 

3870 

5350 

7250 

8800 

10800 

12300 

13900 

550- 800 

2160- 2500 

3480- 3800 

4750- 5200 

6000- 6550 

6650- 7250 

8000- 8325 

9300- 9650 

1150- 2050 

2800- 3340 

3340- 4400 

4800- 5900 

6500- 8000 

8300- 9300 

10100-1 1500 

11 800-12800 

13400-14400 

5. 21 0. 50 

22. 0 0. 54 

4. 65 0. 58 

0. 469 0. 50 

0. 063 0. 50 

0. 058 0. 50 

0. 0133 0. 50 

0. 00182 0. 50 

H2 O 

339 0. 50 

40. 2 0. 50 

380 0. 50 

132 0. 50 

242 0. 50 

31 0. 50 

38 0. 50 

6. 86 0. 50 

7. 23 0. 50 

0.43 50 -58 55 47 

0.50 50 t 27. 5 34 31. 5 

0. 51  50 -137 77 68 

0. 41 80 -536 138 114 

0.38 80 -637 119 90 

0.41 80 -736 130 107 

0. 41 80 -453 70. 5 58 

0.41 80 -626 76. 0 62 

0.36 160 t302 218 

0.30 500 +447 134 

0.30 200 t337 246 

0.31 275 t127 232 

0.22 350 +202 460 

0.26 350 -172 248 

0.27 350 -311 34 7 

0.27 350 -497 248 

0.27 350 -486 248 

157 

80. 4 

150 

144 

198 

129 

187 

134 

134 



TABLE I1 
Window Regions at the Bottom of the Atmosphere 

P = 15 atm P = 300 atm 

Gas  mixture  B Gas  mixture  A Gas mixture B Gas  mixture  A 
S 5 

(PI (PI (P) (P) 

0.400-0. 71 1 0.400-0. 705 0. 400-0. 699 0.400-0. 692 

0. 728-0. 803 0. 735-0. 794 0. 741 -0. 787 0. 749-0. 779 

0. 823-0. 892 0. 833-0. 878 0. 841-0. 865 0. 850-0. 852 

0. 963-1. 055 0. 980-1. 050 0. 996 -1. 049 1. 015-1. 040 

1. 056-1. 097 1. 061-1. 082 1. 062-1. 069 

1. 178-1.220 1.  196-1.209 

1. 231-1. 248 

1. 541-1. 565 

1. 623-1. 715 1.655-1.680 

2. 117-2.235 
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TABLE V 
Bolometric Albedo and Effective Temperature  

Abol 

T = 43, A T~ = 43, B 1 T = 18, B 1 
T = 18, A 1 

P =  15 atm 0. 690 0. 704 0. 769 0. 780 

P =  75 a t m  0. 738 0.754 0. 784 0. 784 

P = 300 atm 0.759 0. 769 0.794 0.804 

T = 43, B 1 T = 43, A 1 T = 18, B 1 T = 18, A 1 

P =  15 a t m  245 

P =  75 a t m  2 32 

P = 300 atm 230 

242 228 

2 32 224 

228 22 1 

225 

221 

218 
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TABLE IX 
Effective E m  tting Temperatures  in VarLaus tvelengt Re gi ons 

Effective tempera ture  (OK) Wavelength region 
(EL) 0. 1% co2 10% co2 

50-1 00 217.8 217. 8 

29.41 -50 221.7 221.7 

17. 39-29.41 230.9 230. 9 

12.  90-17. 39 215.6 210.0 

8. 89-12. 90 234.8 232. 0 

7.55- 8.89 234.7 234. 7 

5.63- 7.55 229.8 229. 5 

4 .82-  5.63 233.0 227. 8 

3.88- 4.82 228.8 215. 5 

3.42- 3.88 234.8 233. 3 

2 .92-  3.42 234.2 234. 1 

2.58- 2.92 224.2 216.4 

2.09- 2. 58 234.7 234. 4 



* 
TABLE X 

Values of Y f o r  Various Opacity Sources- 

Atmospheric 
level  

Wavelength 
interval 

( PI 

Near cloud 
bottom 

Near  surface 

Near  cloud 
bottom 

Near  surface 

Near  cloud 
bottom 

Near  surface 

Near  cloud 
bottom 

Near surface 

6.24  X 10' 

5 4. 91 X 10  

50-100 

6 .54  x 10' 

4 4 .49  x 10 

29-50 

1 .11  x 10- I  17-29 

9. 40 X 10' 

6. 05 X 

4. 23 X 10" 

3. 9-4. 8 

2.55 x 1 0 - I  

3 1. 32 X 10  

3.94 x 
2 

l . 7 8 X  10  

1 . 4 4 X  

3. 76 X 10' 

3. 3 3  X 10' 6.25 X lo-' 

3.45  x l o 3  7. 38 x 1 0 - l  

4. -0. 

Cloud-bottom temperature  is 240" K, c loud- topgressure  1 atm, C02,  
H 0, and N mixing rat ios  a r e  0. 52, 1. 7 X 10- , and 0. 48, respectively. 

2 2 



TABLE XI 
Summary of Model  Calculations 

- 
P T aco2 

ON2 
M R 

. 

0.494 

0.585 

0. 790 

1. 00 

2.05 

4. 16 

7. 76 

IO.  31 

24. 7 

29. 2 

0.266 

0. 354 

0 .453  

0.612 

0. 826 

0. 982 

4. 99 

7. 43  

0. 193 

0.214 

0. 265 

0. 319 

0 .378  

0.166 

0.187 

0.212 

0 .265  

0. 321 

0. 151 

0.172 

0.226 

0.284 

2401 

2401 

2401 

2401 

2401 

2401 

2401 

2401 

2401 

2401 

2601 

2601 

2601 

2601 

2601 

2601 

2601 

2601 

2701 

2701 

2701 

2701 

2701 

2700 

2700 

2700 

2700 

2700 

2751 

2751 

2751 

2751 

> I  

0.956 

0.747 

0. 524 

0.153 

0. 0295 

0. 00477 

0.00135 

1 .69X 

< o  

> I  

0. 966 

0. 772 

0. 501 

0 .258  

0. 173 

1 .46  

< o  

> 1  

0.951 

0.775 

0. 601 

0.431 

> 1  

0. 904 

0. 814 

0.636 

0 .463  

> 1  

0.894 

0.650 

0.41 1 

2 .84  x 1 0 ‘ ~  

2 . 1 3  X 

1 . 7 1  X 

8. 53 X 

4.26 x 1 0 ’ ~  

2 . 2 7 ~   IO-^ 
1 .71  x  IO-^ 
6 . 8 2  X 

2 . 2 7  x 

1 . 8 2  x 

1 . 4 0 X  

1 . 0 7  x 

9. 09 x  IO-^ 
I .  82 x 

7 . 6 0 X  

6 . 3 4 X   IO-^ 
5.43 x l o m 3  

4 . 7 5 ~  

7 .22  x 

6. 58 X 

5.60  X 10- 3 

4.87 x 

1 .32  X 

1 . 0 6  X 

8.80 x 

0. 0435 

0 .253  

0.476 

0.847 

0. 970 

0.995 

0.999 

-1.00 

0. 0317 

0.227 

0.498 

0. 741 

0.826 

-1. 00 

0. 0416 

0.219 

0.394 

0. 564 

0.0888 

0.179 

0. 358 

0. 532 

0.0929 

0. 340 

0. 580 

250 

248 

212 

2 i i  

341 

6 72 

948 

2950 

138 

127 

107 

95 .4  

98. 1 

4 03 

77 .8  

71.6 

63. 6 

56. 0 

76. 5 

73 .1  

65. 1 

57 .4  

55.2 

4 7 . 8  

40. 0 

I47 

94. 9 

39. 0 

7. 37 

4 . 8 3  

9. 51 

16. 0 

129 

53. 3 

31. 7 

1 2 . 3  

4. 69 

3 .48  

8 .42  

23 .4  

15. 0 

8. 84 

5. 06 

2 1 . 0  

16. 7 

9. 86 

5. 64 

1 4 . 7  

7. 76 

3. 87 

0. 0260 

0. 0298 

0. 0428 

0.122 

0.276 

0. 293 

0.252 

0. 107 

0.205 

0.241 

0.378 

0 .773  

1 . 1 2  

2. 8 3  

0. 705 

0. 836 

1 .  09 

1 .  6 2  

0.731 

0.798 

1 . 0 3  

1 . 4 9  

1. 36 

1 . 8 7  

3.24 



TABLE XI 

Summary of Model Calculations (Cont. ) 

T aco2 a H 2 0  M ps R 

,- 

I 

. 

0.102 

0.122 

0. 147 

0.173 

0.229 

0. 113  

0.148 

0. 181 

0. 351 

0. 508 

1. 022 

2. 028 

0. 061 0 

0. 0689 

0. 0781 

0. 184 

0 .345  

0. 501 

1. 023 

2. 04 

0. 0521 

0. 0617 

0. 0720 

0. 0860 

0. 0999 

0. 217 

0.330 

0.443 

2750 

2750 

2750 

2750 

2750 

2801 

2801 

2801 

2801 

2801 

2801 

2801 

2800 

2800 

2800 

2800 

2800 

2800 

2800 

2800 

3001 

3001 

3001 

3001 

3001 

3001 

3001 

3001 

> 1  

0.897 

0. 767 

0.644 

0 .399  

> I  

0.793 

0 .593  

0. 0973 

0. 0288 

0. 00162 

< o  

> I  

0. 936 

0. 867 

0 .270  

0. 0545 

0. 0245 

0. 00124 

< o  

SI 

0.856 

0. 772 

0. 541 

0. 365 

0. 0572 

0. 0102 

< o  

1. 32 X 

1 .  17 X 

1. 05 X 

8.73  X 

0.0207 

0.0176 

0.01 00 

0.00702 

0.00351 

0.0238 

0.022 1 

0.0133 

0. 00839 

0. 00614 

0. 00325 

0.139 

0.122 

0.108 

0. 0975 

0.0488 

0.0325 

0. 0899 

0.221 

0 .345  

0. 592 

0.186 

0. 389 

0 .893  

0. 964 

0 .995  

0. 0401 

0. I106 

0. 717 

0. 937 

0. 969 

0. 996 

0. 00496 

0. 107 

0. 351 

0. 538 

0.894 

0 .957  

55. 3 

51. 4 

47. 6 

39. 6 

38. 9 

34. 4 

29. 4 

38 .2  

74. 7 

41. 6 

40. 4 

28. 3 

33. 1 

43. 5 

80. 9 

12. 7 

13. 6 

1 1 . 4  

10 .2  

15. 5 

2 2 . 1  

14. 7 

10 .6  

7 .65  

3 .74  

9. 09  

5 .57  

1 .89  

2 . 2 0  

4 . 2 0  

1 2 . 5  

10 .8  

2 .48  

1 .99  

2. 50 

4. 57 

5. 01 

5. 05 

3. 09 

2 .18  

2.47 

3 .35  

1. 36 

1.57 

1.89 

3. 36 

2. 6 3  

3. 6 3  

24. 0 

46 .6  

51.6 

2. 27 

2. 42 

9. 12 

34. 8 

44. 9 

48. 6 

16. 1 

16. 8 

27. 0 

45. 0 

203. 0 

367. 0 



TABLE XI 

Summary of Model  Calculations (Cont. ) 

Y T aco2 'H20 a N 2  
M R 

. 
v 

0. 001 

0. 00266 

0. 00401 

0. 00558 

0. 00717 

0. 0335 

0.0898 

0.188 

0. 29  

0. 0375 

0. 0483 

0. 0743 

0. 0977 

0. 1559 

2 x  

1 . 2 8  x 

9 . 7 0  x 

2.21 x 

4 .5  x 

3 .45  x 

0. 0247 

0. 0666 

0. 0940 

7 x 

2 . 8 0  x 

I x 

1 x 10 -1  

8 X  

7 x  

2 x 

3000 

3000 

3000 

3000 

3000 

3000 

3000 

3000 

3000 

3201 

3201 

3201 

3201 

3201 

3200 

3200 

3200 

3200 

3200 

3200 

3401 

3401 

3401 

3400 

3400 

3400 

3601 

3601 

3600 

3600 

> I  

0. 831 

0.765 

0. 589 

0.493 

0. 0858 

0.0210 

0. 00259 

< o  

> I  

0.533 

0. 159 

0. 0407 

< o  

> I  

0. 364 

0.111 

0. 0249 

0. 00496 

< o  

0. 0237 

< o  

0. 00263 

< o  

< o  

< o  

0.133 

0.121 

0.112 

0. 1051 

0. 0652 

0. 0423 

0.0282 

0.384 

0.288 

0. 230 

0. 323 

0. 257 

0.210 

0. 179 

> I  

0. 636 

> I  

0.599 

> I  

> I  

0. 0353 

0. 114 

0.299 

9.  402 

0.849 

0.937 

0. 969 

0. 0833 

0.553 

0. 729 

0. 312 

0.632 

0. 766 

0. 816 

0. 341 

0.398 

13. 1 5. 0 9  

13. 7 5. 03 

11.7 3. 36 

... .- 2.92  

11.7 1 .89  

17. 1 2.60 

25. 4 3.82 

I 1  1 7  

4. 25 1.47 

4. 76 1.37 

6. 06 1.77 

4. 88 1. 6 3  

5.49 1 . 6 3  

6 .87  2.08 

8. 68 2.83 

3.27 1 . 4 2  

3.76 1 . 7 9  

16. 2 

16. 9 

24. 3 

30. 4 

188 

356 

418 

110  

499 

1 . 6 4 X  l o 3  

170  

682  

2 .08  x l o 3  

3.26 l o 3  

1 . 6 9 X  l o 4  

3 4 . 5 0 X  10 
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